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Abstract

Thermally acquired remanent magnetization is important for the estimation of the past magnetic field present at the time of cooling
Rocks that cool slowly commonly contain magnetic grains of millimeter scale. This study investigated 1-mm-sized magnetic mineral:
of iron, iron—nickel, magnetite, and hematite and concluded that the thermoremanent magnetization (TRM) acquired by these grait
did not accurately record the ambient magnetic fields less tipdh thstead, the TRM of these grains fluctuated around a constant
value. Consequently, the magnetic grain ability to record the ambient field accurately is reduced. Above the critical field, TRM
acquisition is governed by an empirical law and is proportional to saturation magnetiddtjoiifie efficiency of TRM is inversely
proportional to the mineral’s saturation magnetizatddnand is related to the number of domains in the magnetic grains. The
absolute field for which we have an onset of TRM sensitivity is inversely proportional to the size of the magnetic grain. These
results have implications for previous reports of random directions in meteorites during alternating field demagnetization, or therme
demagnetization of TRM. Extraterrestrial magnetic fields in our solar system are weaker than the geomagnetic field by several orde
of magnitude. Extraterrestrial rocks commonly contain large iron-based magnetic minerals as a common part of their compositior
and therefore ignoring this behavior of multidomain grains can result in erroneous paleofield estimates.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This work builds on the discovery of a new empirical
scaling law relating the acquisition of thermal remanent
magnetization, TRM, and saturation magnetizatiag,

"+ Corresponding author. Tel.: +1 301 286 3804. (KIetetsghka etal., 200.4Thg law holds over the range
E-mail address: Gunther.Kletetschka@gsfc.nasa.gov of domain states from SD (single domain) to MD (multi
(G. Kletetschka). domain) and strongly suggests that the demagnetization
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energy must play an important role in TRM acquisition

291

pseudo-single domain, or multidomain. This may all be

in all these grain sizes. Since the demagnetizing energy pointing towards a more general approach to TRM that,

is proportional to #s)?, it must compete at the block-
ing temperature with the energy of the external magnetic
field. The importance of the demagnetizing energy was
confirmed by experiments with samples with different

at least at high temperature, depends upon the balance
between magnetostatic energy in the external field and
demagnetizing fields.

The single domain TRM modeNgel, 1949, 1956

demagnetizing factors. The empirical law suggests a is based upon thermal activation, and despite criticism

generalized approach to models of TRM recognizing the
importance of the demagnetizing energy with possible
ramifications for paleointensity determinations.
Kletetschka et al. (2004pund a simple relationship

between the efficiency of TRM (i.e., REM, the TRM
to SIRM ratio) and the saturation magnetization of the
material. The efficiency for equidimensional particles
plots linearly with the magnetic field, B, along grain-

(Brown, 1959 on the nature of the physics involved in
determining the frequency factor, the approach has been
extremely successful and has served as the foundation
of magnetic theory in rock magnetism. The equilibrium
magnetization ¥¢) at temperature above the blocking
temperature is given by Boltzmann statistics involving
the hyperbolic tangent dependence on the ratio of the
energy determining the alignment of the magnetization

size independent regions determined by the saturationwith H over the thermatTg energy.

magnetization of the material. For magnetite (grain size
ranges from SD, through PSD (pseudo single domain)
to MD) the efficiency is the same. The law further shows
that the TRM intensity is particularly strong for miner-
als with low values of saturation magnetization might
help to explain strong magnetization of titanohematite
without need of “lamellar magnetism'Rpbinson et
al., 2003 following regular TRM acquisition principles
(Kletetschka, 2000; Kletetschka et al., 2002

Just below the Curie temperature the two dominant

energies, independently of grain size, are the magne-

tostatic energy in the external field and magnetostatic

M = MgtanhuoVMsH/ kTg) 1)

whereV is the volume of the particlé{ the applied field,
Ms the saturation magnetizatiofig the blocking tem-
perature, andt Boltzmann’s constant. However, given
the recent resultK({etetschka et al., 2004the demag-
netizing energy must play an important role. This can
be included in standardé¢l theory by recognizing the
importance of the demagnetizing energy in determining
relaxation times, which follows the approachRuitler
and Banerjee (197%)s well adDunlop and Kletetschka
(2001) In the Neel theory of MD grains, blocking occurs

energy in the demagnetizing field. The balance betweenat 7g when barriers to wall motion increase according
the external field energy and demagnetizing energy at to coercivityHc(T) so that the domain walls pin against

high temperature was a building block in models of mul-
tidomain TRM proposed byNéel, 1949, 1955; Stacey,
1958. Indeed, it was shown in a review article iydy,
1977 that the various multidomain modeBnlop and
Waddington, 1975; Everitt, 1962;&¢l, 1955; Schmidt,
1973; Stacey, 1958 all followed this same approach
with minor variations. Schmidt's model is perhaps the

the demagnetizing fiel#flq=—NM (N is the demagne-
tizing factor). TRM can be expressed Bsinlop and
Kletetschka (2001)

My = (1 — Nxo)n(n — YY" HY"NTHy " (2)

and we obtain the theoretical value bf;, just from
the knowledge of the susceptibilityg, room temper-

easiestto follow and emphasizes that at high temperatureature coercivity forceH,g, index n, applied field Hg
the critical energy balance is between the magnetostaticand demagnetization factdt. This theoretical curve is

energy in the external and internal demagnetizing fields.
Thus, the field, which ultimately controls the magneti-
zation, is the effective field rather than the external field
alone. The effective field is obtained in the usual way
by subtracting the demagnetizing field from the external
field. The demagnetizing factor is more complicated in
multidomain grains than in homogenously magnetized
particles Merrill, 1977). However, given the recogni-
tion of the importance of the demagnetizing field, it is
not too surprising that multidomain material follows the
linear trends found byKletetschka et al., 2004What

is surprising is that such different grain sizes all show
such similar behavior whether they are single domain,

shown for hematite ifrig. 1A wheren=3, H.o=4 mT,
and N=0.31 (SlI) see alsdunlop and Kletetschka
(2001)

While the importance of demagnetizing energy is
recognized, as for example in the excellent discussion
by Dunlop and Ozdemir on pages 84-1@&iglop and
Ozdemir, 199y, it appears that the full significance of
the demagnetizing energy and shape anisotropy has not
been generally appreciated. If one calculates the bal-
ance between the magnetostatic energy in an applied
weak field 0.1 mT) and the demagnetizing energy, one
finds that the magnetostatic energy in the external field
only dominates for a few tenths of a degree below the
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Fig. 1. Thermal remanent magnetizations (TRM) of multidomain minerals are normalized by saturation isothermal remanent magnetization (SIRM)
Note that numbers shown in the legend are saturation magnetizations of individual samples. Horizontal axis represents inducing artificial homog
neous external magnetic field. (A) Magnetic acquisition of hematite; straight line is a theoretical prediction accabdintppoand Kletetschka
(2001)for n=3,H.0=4mT,N=0.31 (Sl). (B) Magnetite; circles connected with lines are SD magnetite needles within anorthosite matrix (see the
text for further explanation). (C) Iron—nickel. (D) Iron.

Curie point, so that the TRM can be regarded as a depar-La Jolla, CA, USA). Former specimens were also used in
ture from saturation magnetization towards equilibrium Kletetschka et al. (2004Magnetite and hematite sam-
driven by the demagnetizing energy. This will be the pleswere single crystals while iron and iron—nickel were
case for PSD and MD particles. Moreover, both TRM polycrystalline. All specimens were about 1 mm in size
and SIRMs are departures from saturation magnetiza- exceptthe host of SD magnetite, which consists of cumu-
tion driven by demagnetizing energy. The difference is late plagioclase matrix, and was-eb mm in diameter.
that TRM takes place over a range temperatures begin-  SD magnetite: Fragment was part of 1in. core drilled
ning close to the Curie point, but SIRM is acquired at the in an unoriented anorthosite block sample (M428) from
observation temperature. For SD particles the demag-the Stillwater ComplexJelkin et al., 200D This com-
netizing energy enters through the determination of the plex is an ultramafic to mafic intrusion in the Beartooth

relaxation time, as suggested above. Mountains of southern Montana. Several lines of evi-
dence suggest that single-domain magnetite is the domi-
2. Materials and methods nant carrier of magnetic remanence. The specimens have

high coercivity, with median destructive fields exceed-

We performed a series of TRM acquisitions using ing 80 mT pointing toward fine-grained, possibly single
five distinct magnetic materials: iron (Fe), iron—nickel domain carrier $elkin et al., 2000 TRM demagne-
(FeNi), magnetite (FD4), hematite ¢-FeO3), and tization Selkin et al., 200D indicates that more than
sample of anorthosite from Archean Stillwater Com- 90% of remanence is unblocked between 550 an¢&75
plex (Bergh, 1970; Selkin et al., 2000; Xu et al., 1997 pointing towards Ti-free magnetite. An observed inverse
containing single domain (SD) magnetite as primary relationship between the AMS and remanence fabrics
remanence carriers. The latter was kindly provided by (Selkin et al., 200Pprovides compelling evidence that
Lisa Tauxe (Scripps Institution of Oceanography = SIO, the remanence carrier contains primarily single domains.



G. Kletetschka et al. / Physics of the Earth and Planetary Interiors 154 (2006) 290-298 293

8.4E-04 | (Xu et al., 1997 with large aspect ratio (1/50) are indeed
82604 | SD magnetite crystals.
’ The iron sample (Iron (IA) coarse octahedrite from
B AREDE | meteorite Campo del Cielo) was characterized by scan-
£ 78604 | ning electron microscope (SEM) microprobe measure-
ﬁ i j ments (only Fe present) and saturation magnetiza-
s ’ tion (Ms=190 Ant/kg). During the thermal acquisi-
7.4E-04 | tion there was no significant decrease of magnetization
7oE-04 | (191 An¥/kg) as shown ifFig. 3D. where hysteresis loop
: maintain the saturation magnetization of pure iron.
e ‘ ' S The iron—nickel sample was a polycrystalline indus-
0 50 100 150 200 250 300

trial product with about 50% nickel, based on SEM
Fig. 2. Following saturation remanence at 300 K, the anorthosite sam- mlcropr.Obe. measuremen.ts' The value of S.aturatlon
ple containing SD magnetic carriers was temperature cycled in zero magnetization was _Obt_ameq from h_yStereS'S IOOpS
field (~1000 nT). Arrows indicate the cooling and heating leg. (139 An?/kg) and maintained its approximate value also
after finishing of the TRM acquisitions (144 Atikg) as
For mineralogical verification we measured cryogenic shown by hysteresis loops fig. 3C.
behavior of room temperature saturation remanence by The magnetite sample 90LP12 is a non-titanium
using magnetic properties measurement sgsta cryo- magnetite obtained from Prof. John Valley, University
genic susceptometer by Quantum Design at IRM (Insti- of Wisconsin. The composition was characterized by
tute for Rock Magnetism), University of Minnesota. We x-ray (X-ray diffraction), Curie temperature (566),
obtained a clear indication of Verwey transitidfid. 2), Verwey transition (120K), and saturation magnetiza-
another compelling evidence that the tiny SD needles tion (64 Ant/kg). Saturation magnetizations (hysteresis
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Fig. 3. Hysteresis loops for monomineralic samples after completion of TRM acquisitions. (A) Three hematite samples H1, H2, and H3. (B) Three
magnetite samples M1, M2, and M3. (C) Four FeNi polycrystalline grains FeNil, FeNi2, FeNi3, and FeNi4. (D) Four pure iron samples as part of
Campo De Cielo meteorite cdcl, cdc2, cdc3,and cdc4.
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loops) were measured both before and after finishing all The magnetic field was measured with a Hall probe
of the TRM acquisitions (seféig. 3B.) and registered no  LakeShore Inc. magnetometer. The field applied in the
change in saturation magnetization (65 Akg). oven was measured before and after each experiment to
The MD hematite sample L2 is a coarse grained vari- insure minimal drifting of the current from the power
ety from the Fire Lake mine in Central Labrador, Canada. supply especially for very low fields (e.g., 15nT).
Its composition was characterized by x-ray, Curie tem-  The magnitude of TRM and SIRM was measured with
perature, Morin transition and saturation magnetization a superconducting rock magnetometer (SCT — Super-
(Ms=0.424 Ant/kg). Thec-axis of the hematite samples  Conducting Technology) (except 3 which was mea-
was identified using a vibrating sample magnetometer sured with a 2G magnetometer — SIO) at room tem-
(VSM). TRM acquisition of hematite samples took place perature and ambient atmosphere. Subsequent magnetic
along the basal plane of the minerat%°). The ori- hysteresis loop measurement of each sample provided
entation was maintained based on photographs of theestimates of saturation magnetizatidfy, and saturation
shape of the grains inside the holder for TRM acquisition. isothermal remanent magnetization, SIRM. Tigval-
For each single crystal sample, the TRM was acquired ues measured before and after the TRM acquisitions pro-
always along the same direction. Hysteresis loops after vided a magnetic proxy for unwanted chemical changes
all of the TRM acquisitionsKig. 3A.) indicated slight that may have occurred during the heatirgg( 3.
decrease ins (Ms=0.38 Ant/kg) but no significant ~ However, owing to the large grain size of our samples
change in mineralogy due to thermal treatment. (~1 mm), we did not detect any chemical changes dur-
For TRM acquisitions each sample was brought to ing the thermal treatments. There was no alteration of
800°C in a Shoenstedt oven (except SD M, anorthosite the SD M sample due to protection of the plagioclase
sample that was brought only to 600 in a home made  host.
oven (SIO)) and held for 30 min in a residual magnetic
field fluctuating around 15 nT and ambient atmosphere. 3. Results and discussion
Samples were subsequently cooled to room temperature
(Tr) while varying the ambient magnetic field&30% In this work, we focused on determining the low-
of 15nT; (note that this is the maximum shielding pos- est field MD single crystals and polycrystalline material
sible and this value is our baseline for complete ther- could record reliably. The data obtained from the SD
mal demagnetization level};15% of 80 nT,+10% of magnetite with large aspect ratio is a sample that shows
160nT, and <5% of nominal value for larger fields).  TRM acquisition of SD magnetic carriers. TRM acquisi-

Table 1
Hematite samples were given TRM in paleomagnetic oven where axial field was applied while samples werelco®ing ¢~ 90°)
H1 Ms: 0.414 Anf/kg H2 Ms: 0.413 Ant/kg H3 Ms: 0.445 And/kg

EF.(nT) M(Am%kg) I(°) D) MISIRM M(AmZkg) I1(°) D) MISIRM M(AmZkg) I1(°) D) MISIRM

1.5E+01 3.90E03 —-6.3 256.0 9.98E03 6.9E-03 —4.2 2953 1.76E02 7.5E-03 14 1188 1.77E02
8.0E+01 3.42E02 3.1 273.7 8.75E02 4.8E-03 -3.1 270.6 12402 2.4E-02 1.9 1223 5.70E02
1.6E+02 3.84E02 7.4 1029 9.82E02 1.9E-02 —0.5 183.3 4.94E02 4.3E-03 13 52.0 1.03e02
3.2E+02 9.89E03 -6.4 331.3 2.53E02 7.0E-03 —-4.1 338.8 17902 1.5E-02 0.8 144.2 3.47E02
6.7E+02 7.44E03 2.8 96.2 1.90E02 2.3E-03 3.8 2605 5.76E03 8.7E-03 0.6 121.1 2.06E02
1.4E+03 3.56E02 1.9 100.3 9.10E02 1.1E-02 —-2.2 3.1 276E02 9.2E-03 —-0.4 160.2 2.17E02
2.8E+03 5.12E02 3.7 107.8 1.31E01 2.4E-02 3.7 79.8 6.01E02 1.3E-02 2.7 94.3 3.07E02
6.0E+03 4.41E02 2.7 95.3 1.13E01 5.0E-02 3.0 111.7 1.27E01 5.5E-02 2.5 91.8 1.30E01
1.2E+04 1.56E01 3.8 72.8 3.99e01 9.8E-02 40 1054 252E01 1.4E-01 1.7 96.1 3.38E01
2.4E+04 2.07E01 3.0 79.8 5.29E01 1.7E-01 5.8 1125 4.24E01 2.3E-01 1.8 89.8 5.35E01
4.8E+04 2.71E01 2.3 91.7 6.93E01 2.2E-01 40 1054 5.64E01 29E-01 2.0 106.3 6.82E01
9.8E+04 3.20E01 2.6 91.1 8.19e01 3.0E-01 4.5 98.1 7.76E01 3.4E-01 1.8 107.0 8.13E01
2.0E+05 3.45E01 4.7 89.2 8.81E01 3.2E-01 11.0 92.6 8.14E01 3.7E-01 3.1 100.2 8.71E01
4.0E+05 3.78E01 8.6 87.0 9.67E01 3.2E-01 6.0 120.0 8.31E01 3.9e-01 3.4 1055 09.22E01
8.0E+05 2.79E01 2.1 1304 7.14E01 3.6E-01 4.6 83.7 9.28E01 3.8E-01 0.2 1165 9.07E01
1.6E+06 3.80E01 —4.6 772 9.72E01 3.6E-01 104 114.3 9.08E01 4.1E-01 2.7 108.7 09.72E01
SIRM 3.91E-01 2.0 1004 1.00E+00 3.9801 0.8 89.0 1.00E+00 4.2001 1.8 89.1 1.00E+00

Ms is the saturation magnetization, E.F. the applied external fi¢ithe TRM acquired by E.F/ the inclination,D the declination, SIRM is the
saturation remanence at room temperature.
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Table 2
Magnetite samples were given TRM in paleomagnetic oven where axial field was applied while samples werelco@lingd ¢~ 90°)

M1 Msg: 63.7 Ant/kg M2 Ms: 67.6 Ant/kg M3 Ms:74.2 Ant/kg

E.F.(nT) M(Am%kg) I(°) D) MISRM M(@Amkg) 1) DE) MISIRM  M(@Am4kg) 1) D) MISIRM

1.5E+01 3.85E03 —-51 2012 1.88E03 3.356-03 —-19.2 493 214E03 3.36E-03 —63.7 203.7 4.22E03
8.0E+01 7.31EO03 —7.0 129.4 3.57E03 3.78E-03 —-38.8 242.2 241E03 2.36E-03 —-34.1 128.9 2.96E03
1.6E+02 8.03E03 —-13.5 226.6 3.92E03 4.34E-03 —-30.1 2140 276E03 3.29E-03 514 1875 4.13E03
3.2E+02 4.03E03 1.6 221.8 1.97E03 3.03E-03 —-3.4 2674 193E03 556E-03 —-36.9 233.9 6.98E03
6.7E+02 4.37E03 —7.6 1475 214E03 3.69E-03 —3.5 208.0 235E03 4.09E-03 —-47.8 785 5.14E03
1.4E+03 6.58E03 8.4 253.6 3.21E03 3.15E-03 23.4 161.6 2.00E03 5.13E-03 —73.1 2415 6.44E03
2.8E+03 8.30E03 —9.2 130.3 4.06E03 1.79E-03 -394 118.1 1.14E03 459E-03 —47.6 186.2 5.76E03
6.0E+03 4.12E03 216 219.6 2.01E03 4.83E-03 39 941 3.07E03 2.56E-03 —-21.0 2645 3.21E03
1.2E+04 2.07E02 6.4 726 101E02 6.17E-03 —-11.8 93.8 3.92E03 7.24E-03 0.3 288.8 9.08E03
2.4E+04 3.23E02 13.2 116.0 1.58E02 1.52E-02 26 864 9.69E03 5.12E-03 —76.6 283.9 6.43E03
4.8E+04 2.63E02 8.1 426 1.2902 3.26E-02 105 83.1 2.08E02 1.25E-02 15 810 1.56E02
9.8E+04 8.16E02 75 812 3.99E02 6.59E-02 3.9 2827 41902 2.67E-02 -13.1 949 3.36E02
2.0E+05 2.09E01 8.3 1005 1.02E01 1.39E-01 —1.3 103.1 8.8502 4.35E-02 —-11.6 789 5.46E02
4.0E+05 2.27EO01 89 810 1.11E01 2.37E01 7.4 109.0 1.51E01 1.03E-01 -11.6 73.8 1.29E01
8.0E+05 6.18E01 7.3 921 3.02E01 4.69E-01 —-1.7 1028 29901 1.83E-01 -13.8 749 229E01
1.6E+06 1.24E+00 09 876 6.0/4B1 7.41E-01 —-1.3 108.0 4.72E01 3.07E-01 -16.8 61.1 3.86E01
SIRM 2.05E+00 6.0 101.2 1.00E+00 1.57E+00 —-2.5 104.1 1.00E+00 7.9740D1 -16.7 79.2 1.00E+00

Ms is the saturation magnetization, E.F. the applied external fi¢ithe TRM acquired by E.F/ the inclination,D the declination, SIRM is the
saturation remanence at room temperature.

tion curvesFig. 1) were determined for acquisitionfields  Fig. 1 A-D). A similar threshold in TRM acquisition
ranging from 15 to 10,000,000 nT. All TRM values were in low fields was found in lunar sample®{nn and
normalized by the SIRM acquired at room temperature Fuller, 1973. In our samples, TRMs fluctuate in their
in an external field of 2T. For all multidomain mate- magnitude and in some extent in directidalples 1

rial we found an ambient threshold field (FFL000 nT) This is illustrated inFig. 4, where hematite data from
below which 1 mm-sized single crystals do not record Table 1of TRM acquisition are plotted on equal area
any variation of ambient field in the resulting TRM (see stereographic projections. The diagrams show how the

Table 3
Fe—Ni samples were given TRM in paleomagnetic oven where axial field was applied while samples were tedind(~ 90°)

F2Ms: 141 Anmf/kg F3Ms: 145 Anflkg F4Ms: 130 An/kg

E.F.(nT) M(Am%kg) I(°) D) MISIRM M(@Am2kg) 1(°) DE) MISIRM  M(@Am?kg) 1) DE) MISIRM

1.5E+01 2.44E04 —-9.8 197.2 4.00E04 2.74E-04 —-31.8 150.9 4.46E04 1.27E-04 —46.6 133.2 8.15E04
8.0E+01 3.34E04 —-40.1 2325 548E04 259E-04 389 1284 4.22E04 212E-04 —-47.1 1508 1.36E03
1.6E+02 2.20E04 —-67.6 231.4 3.60E04 2.04E-04 -604 177.8 3.32E04 1.336-04 —-60.7 215.3 8.51E04
3.2E+02 1.92E04 —-37.3 248.2 3.15E04 543E-05 —-37.8 338.0 8.82E05 8.18E-05 —76.6 1984 5.24E04
6.7E+02 2.80E04 359 237.0 4.59E04 1.84E-04 -54.2 312.0 29904 1.10E-04 -—-31.8 180.5 7.04E04

14E+03 1.72E04 —-34.9 163.7 2.82E04 2.60E-04 -84 760 4.22E04 1.25E-04 —-31.1 1851 8.03E04
2.8E+03 6.61E04 —-14.6 32.7 1.08E03 5.22E-04 —-3.1 722 8.49E04 1.64E-04 —-9.8 124.0 1.05E03
6.0E+03 8.68E04 —-19 955 1.42E03 8.01E-04 —2.8 525 1.30E03 4.23E-04 —-8.3 177.1 2.71E03
1.2E+04 2.12E03 —7.3 3154 3.47E03 1.90E-03 —-3.3 68.3 3.0903 8.39E-04 —2.0 55.1 5.37E03
2.4E+04 4.21E03 71 705 6.89e03 4.17E-03 1.7 58.2 6.78E03 1.74E-03 —-1.7 1005 1.12E02
4.8E+04 8.97E03 20 735 14702 8.65E-03 —2.5 207.2 141E02 3.41E-03 1.4 98.2 2.18E02
9.8E+04 1.57E02 2.8 478 25702 1.71E-02 45 945 278E02 5.92E-03 18 746 3.79E02
2.0E+05 3.12E02 7.0 93.0 5.12E02 3.13E-02 10.2 57.2 5.09E02 9.09E-03 2.8 55.6 5.82E02
4.0E+05 5.47E02 48 69.0 8.96E02 5.96E-02 0.2 542 9.68E02 1.66E-02 2.7 7.8 1.07E01
8.0E+05 1.06E01 1.8 1411 1.73E01 1.09e-01 84 845 1.76E01 2.56E-02 8.0 107.2 1.64E01
1.6E+06 1.73E01 22 746 284E01 1.83E-01 40 56.4 297E01 3.77E-02 7.7 71.0 241E01
SIRM 6.11E-01 2.6 99.7 1.00E+00 6.1501 29 106.7 1.00E+00 1.568€1 0.5 889 1.00E+00

Ms is the saturation magnetization, E.F. the applied external fi¢lthe TRM acquired by E.F/ the inclination,D the declination, SIRM is the
saturation remanence at room temperature.
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Table 4
Iron samples were given TRM in paleomagnetic oven where axial field was applied while samples were £odlihg(~ 90°)
FelMs: 208 Anf/kg Fe2Ms: 202 Anf/kg Fe3Ms: 205 Anf/kg

EF.(nT) M(Am%kg) I(°) D) MISIRM M(@Am2kg) I1(°) DE) MISRM M(@Am?kg) 1(°) D) MISIRM

4.0E+01 1.68E04 146 2527 9.59E05 5.80E-04 —-20.2 330.1 3.37E04 2.83E-04 —-35.1 2132 1.54E04
8.0E+01 3.10E04 —-37.4 186.0 1.77E04 2.98E-04 —-82 828 1.73E04 554E-04 —225 140.3 3.00E04
1.6E+02 3.70E04 —-13.4 105.0 2.11E04 1.10E-03 -15.0 260.3 6.37E04 4.37E-04 -—-21.6 239.7 2.37E04
3.5E+02 3.05E04 263 51.7 1.74E04 3.10E-04 -69.8 59 180E04 3.07E-04 —-30.2 257.7 1.66E04
5.5E+02 8.70E04 -58.2 499 4.96E04 5.68E-04 —-69.2 146 3.30E04 5.21E-04 —29.7 287.4 2.83E04

1.4E+03 8.70E04 —-46 257 496E04 6.14E-04 10.3 244 3.57E04 4.17E-04 319 131 2.26E04
2.8E+03 3.45E04 18.6 113.6 1.97E04 9.46E-04 75 236.8 5.49E04 5.77E-04 —-4.8 252.7 3.13E04
6.0E+03 143E03 -11.6 809 8.13E04 3.04E-03 16 657 176E03 217E-03 —-15.1 3322 1.18E03
1.2E+04 17703 -11.5 81.1 1.01E03 3.94E-03 55 719 229E03 2.53E-03 49 151.3 1.37E03
2.4E+04 3.92E03 —7.5 257.8 2.24E03 6.40E-03 9.1 2994 3.72E03 4.61E-03 —8.1 323.0 2.50E03
4.8E+04 9.23E03 76 86.8 5.27E03 1.36E-02 3.5 126.3 7.88E03 1.61E-02 0.5 1115 8.74E03
9.8E+04 156E02 -17.1 6.0 8.91E03 1.99E-02 46 1413 1.16E02 2.94E-02 —-0.1 111.7 1.60E02
2.0E+05 4.55E02 19.5 59.6 2.59E02 7.16E-02 -84 99.1 4.16E02 7.14E-02 3.0 911 3.87E02
4.0E+05 1.15E01 14 2524 6.57E02 1.44E-01 6.8 80.7 8.39E02 1.58E-01 14 81.2 8.56E02
8.0E+05 1.81EO01 —-21 428 1.03e01 2.77E-01 —6.0 1054 1.61E01 2.81E-01 41 822 1.53E01
1.5E+06 3.78E01 3.7 1301 2.16E01 3.59E-01 —-20.4 2122 2.08E01 5.71E-01 0.1 785 3.10E01
SIRM 1.75E+00 1.00E+00 1.72E+00 1.00E+00 1.85E+00 1.00E+00

Ms is the saturation magnetization, E.F. the applied external fi¢lthe TRM acquired by E.F/ the inclination,D the declination, SIRM is the
saturation remanence at room temperature.

Equal Area e Equal Area

Equal Area

Fig. 4. Directional behavior of hematite samples during the TRM acquisition is shown with stereonet equal area projection. Samples are identifie
by their saturation magnetization value (in Afikg) shown inFigs. 1 and 2Thec-axis of the samples was perpendicular to the acquisition field

(90° plunge in the stereonet projection). The field was applied from left to right. The small numbers next to data points denote the acquisition fields
(1=15,2=80nT, and so on, s&able J).
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vector of magnetization stays within the basal plane size, the TRM/SIRM should have a maximum value and
of hematite. Since our samples are not perfect spheresthere should be no TRM acquisition variation due to the
but have irregular shape the magnetic direction is con- single domain nature of this grain.

trolled by the shape anisotropy due to the demagne- Fig. 1A shows that single crystals (1 mm) of hematite
tizing field. In hematite, the magnetization is confined attain the highest value of TRM/SIRM below the TF.
to the basal plane due to the strong magnetocrystalline Hematite has relatively large domains compared with
anisotropy and the shape anisotropy is relevant only all other magnetic carriers and thus there are only a
within this basal plane. Samples recorded similar mag- small number of domains within the 1 mm single crystal

netic directions below the observed threshold field value,
however with TRM intensity fluctuating around a con-
stant value. For fields <1000 nT TRM of any MD grains
(~1 mm in diameter) are not affected by changes in the
applied external magnetic fields. This brings about a
domain state independent of the inducing field because
of the total dominance of the demagnetizing energy.
Finite TRM level for low acquisition magnetic fields
is particularly important for studies with lunar rocks
and meteorites, where the ambient magnetizing fields
may have been in 1000nT range or lower and where

of hematite. The data iRig. 1A suggest that domains
can rearrange to achieve the minimum magnetization of
2-8% of SIRM.

Magnetite grainsKig. 1 B) contain smaller domains
size and demagnetize down to 0.2-0.6% of SIRM.
Iron—nickel and iron grainsHig. 1C and D) have even
smaller domain size and hence more domains, and our
data suggest that these magnetic grains can be demag-
netized down to 0.03-0.09% and 0.02—0.06% of their
SIRM, respectively.

Fig. 1B includes the data of SD magnetite sample

there is a large abundance of coarse-grained magneticSD M, (anorthosite host), composed of single domain

minerals.

We have considered the possibility that values of
TRM could be contaminated by a VRM or IRM imparted
by the laboratory ambient field. After samples were
cooled in the controlled field down to room tempera-
ture they were transported to the superconducting rock
magnetometer while being exposed to the ambient field
of the laboratory. In order to resolve this problem the
first author visited two shielded rooms, one in Heidel-
berg University in Germany run by Agnes Kontny, and
another one in Scripps Institution of Oceanography in
USA run by Lisa Tauxe and duplicated experiments with
MD hematite grains. Both of these labs had the back-
ground field reduced by at least two orders of magnitude.
Hematite samples were shielded down to <800 nT dur-
ing the transport and still produced similar values of
TRM as in the Goddard lab where the room tempera-
ture transport of the sample to the magnetometer was not
shielded.

The threshold field for hematit€ig. 1A) leaves large
portion of the thermoremanent magnetization (1-10% of
SIRM) after thermal cycling in the lowest magnetic field.
Neel theory (straight line ifrig. 1A.) does not account
for the finite number of domains and therefore fail to
predict this demagnetizing threshold. High level of rema-
nence left in the monomineralic sample decreases with
an increase of the material’s saturation magnetization
(e.g. <0.1% for iron sample, séég. 1D). The observed
TRM/SIRM sensitivity Fig. 1) atthe threshold field (TF)
of ~1000 nT for all of the minerals should relate with the
number of domains in the magnetic grain. If, for exam-
ple, we have a hypothetical single domain grain 1 mm in

magnetite needles (see material and method section
and Fig. 2. TRM acquisition of this sample is not
affected by threshold seen for multidomain magnetite.
Large number of SD grains within the plagioclase matrix
effectively randomizes their moment and allow effective
TRM threshold to drop down to less than 100nT. The
overall enhanced efficiency of TRM reflects the high
aspect ratio up to 1:50X( et al., 1997 and relates to
a decrease of demagnetizing field during TRM acquisi-
tion (Kletetschka et al., 2004

Fig. 5summarizes all MD mineral data into one dia-
gram for clarity. This plot shows clearly how both the
level of demagnetization as well as efficiency of TRM
acquisition relate to saturation magnetization. This fur-

1.E+00 TR B —

H + H(0.414 Am*21kg)

2 = H{0.413 Am*2/kg)

» H(0.445 Am~2/kg)

1.E401 | ' o st

i o M(67.6 Am*2/kg)

= . ol  M(74.2 Am*2/kg)
o 1.E+02 * . 28 * FeNi(141 Am"2/kg)
7] . R I " = FoNi(145 Am"2/kg)
E 9 ge ey, 1 i  FeNi(130 Am"2/kg)
R H Fe(208 Am*2/kg)

o 1.E+03 : . | Fe(202 Am\2ig)

L v . B Fe{205 Am*2/kg)

1.E+04
1.E+05 NPT IO E ras MR
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10
Field [nT]

Fig. 5. Summary plot of SIRM normalized TRM for monominer-
alic magnetic grains (H = hematite, M = magnetite, FeNi =iron—-nickel,
Fe =iron) vs. inducing artificial homogeneous external magnetic field.
Note that numbers shown in the legend are saturation magnetizations
of individual samples.
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